For atmospheric tides driven by solar heating, the database of climate model output used in the most recent assessment report of the Intergovernmental Panel on Climate Change (IPCC) confirms and extends the authors' earlier results based on the previous generation of models. Both the present study and the earlier one examine the surface pressure signature of the tides, but the new database removes a shortcoming of the earlier study in which model simulations were not strictly comparable to observations. The present study confirms an approximate consistency among observations and all model simulations, despite variation of model tops from 31 to 144 km. On its face, this result is surprising because the dominant (semidiurnal) component of the tides is forced mostly by ozone heating around 30-70-km altitude. Classical linear tide calculations and occasional numerical experimentation have long suggested that models with low tops achieve some consistency with observations by means of compensating errors, with wave reflection from the model top making up for reduced ozone forcing. Future work with the new database may confirm this hypothesis by additional classical calculations and analyses of the ozone heating profiles and wave reflection in Coupled Model Intercomparison Project (CMIP) models. The new generation of models also extends CMIP's purview to free-atmosphere fields including the middle atmosphere and above.
Introduction
This paper updates our earlier study of atmospheric tides in climate-oriented general circulation models (Covey et al. 2011, hereafter CDML) . The tides interact with surface and higher-altitude processes that play important roles in atmospheric dynamics and climate. CDML found a surprising consistency of model simulations with each other and with observations. The tides are driven in large part by solar heating of the ozone layer, which occurs in the altitude range 30-70 km (Chapman and Lindzen 1970 ), yet many of the models have a limited vertical domain that does not include the full range. CDML's results were consistent with previous work dating back to Lindzen et al. (1968) suggesting that when a model's upper boundary is placed at low altitude, a cancellation of errors can occur-reducing the forcing of tides by ozone heating, but also introducing spurious waves by reflection at the top boundary.
A significant shortcoming of CDML arose from a limitation of its model output database [Intergovernmental Denotes Open Access content.
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Panel on Climate Change Fourth Assessment Report (IPCC AR4)-Coupled Model Intercomparison Project, phase 3 (CMIP3); Meehl et al. 2007] . Both CDML and the present study examine the surface pressure signature of the tides. Analogous to oceanic tides, atmospheric tides appear as oscillations of vertically integrated fluid mass-that is, of surface pressure (thus reflecting largescale dynamics more than local effects). The CMIP3 database, however, included sea level pressure but not actual surface pressure in its high-time-frequency fields.
Comparison of observed surface pressure with modelgenerated sea level pressure was problematic over elevated terrain, where the concept of equivalent sea level pressure is ambiguous. Fortunately a new version of the database includes surface pressure at 3-hourly frequency (IPCC AR5-CMIP5; Taylor et al. 2012 ). The new database also incorporates the latest generation of climate models, which cover a greater altitude range (Table 1) . Table 1 here is the analog of CDML's Table 1 but with a more careful definition of model top. Models use staggered vertical levels with one set (''layer midpoints'' or ''full levels'') carrying temperature and other thermodynamic fields and a second set (''layer interfaces'' or ''half levels'') carrying vertical velocity and other flux fields. Vertical coordinates are pressure based from the middle stratosphere upward. Several of the models put their topmost half level at zero pressure; using half levels to define model tops would imply that these models extend infinitely upward. Therefore we use full rather than half levels to define the vertical extent of models. (This leaves half of a model layer above the model top defined here. Ozone heating could occur in this half layer, but models with limited vertical extent generally suppress it in order to avoid unrealistic temperatures in the lower stratosphere.) We consider 23 CMIP5 models featured in recent studies of stratospheric dynamics (Driscoll et al. 2012; Wilcox et al. 2012; Charlton-Perez et al. 2013; Marsh et al. 2013) . Three-hourly output has not been provided (or not provided in standard form) from 6 of these models, leaving 17 for this study. Ten of our 17 models include all of the stratosphere (topmost full level $ 48 km). Five include all of the stratosphere and mesosphere (topmost full level $ 76 km). In CMIP3, the corresponding fractions were 5/23 all stratosphere and 0/23 all stratosphere and mesosphere (Cordero and Forster 2006) . One model [the Whole Atmosphere Community Climate Model, version 4 (WACCM4)] has by far the highest full level in CMIP5, extending well into the thermosphere.
Comparison with observations
Here we compare CMIP5 model output with the observed surface pressure data employed by CDML (Dai and Wang 1999) . These remain the best high-frequency direct observations. Future studies may examine reanalysis of the direct observations via initialization algorithms for numerical weather prediction (NWP, which has produced reasonable tidal oscillations; see, e.g., Ray and Ponte 2003) . For the present work, we choose the direct observations to permit direct comparison of the present results with CDML.
For the same reason (i.e., for direct comparison of the present results with CDML) we process the model output in exactly the same way. Observations of DecemberFebruary for 1976-97 are compared with model output for 1 January-1 February 2000 inclusive (giving an exact power of 2 time points as input to fast Fourier transforms). CDML's appendix shows that, unlike the tides' upper-atmospheric signature (e.g., Burrage et al. 1995; Wu et al. 2008) , surface pressure tide variations exhibit only small interannual variability. Table 2 and supplemental material). WACCM4 is a ''superset'' of CCSM4 with added levels in the middle and upper atmosphere but identical subgrid-scale parameterizations in the troposphere (Marsh et al. 2013) . Diurnal tide amplitude maps for WACCM4 and CCSM4 look quite similar (Fig. 1) while WACCM4 has greater semidiurnal amplitudes in the tropics (Fig. 2) . This result is consistent with the theory of vertical propagation of the tides (Chapman and Lindzen 1970, their section 3.5; Holton 1975 , their section 4.5). The diurnal harmonic is vertically trapped and therefore forced mostly by water vapor heating and other surface/ tropospheric processes. The semidiurnal harmonic is forced mostly by ozone heating around 30-70-km altitude-a region that CCSM4 does not fully include. Therefore, CCSM4 obtains less semidiurnal amplitude than WACCM4. As a result, CCSM4 agrees better with observations of the semidiurnal tide. But (as shown below and in CDMS), all CMIP models overpredict tidal amplitudes at low latitudes, so reducing tidal amplitude can ''improve'' model results by means of cancelling errors.
a. Tide amplitude
Semidiurnal tide amplitudes are particularly surprising in the Centre National de Recherches M et eorologiques Coupled Global Climate Model, version 5 (CNRM-CM5), and INMCM4, which have the lowest model tops. In the tropics, INMCM4's diurnal harmonic is less accurate than CCSM4 and WACCM4 (Fig. 1) , but its semidiurnal harmonic is about as accurate as CCSM4's and thus more accurate than WACCM4's (Fig. 2) . Table 2  (analogous to CDML's Table 3) (Dai and Wang 1999) .
correlation r, and the model-observed root-mean-square difference D. [A fourth measure, the model-observed ratio of variances, is dependent on r and D; it is often shown in a two-dimensional Taylor (2001) diagram that omits R.] Generally comparable performance of the CMIP5 models is evident. For CNRM-CM5, errors in terms of D are somewhat greater than in the other models, but a look at R indicates that part of the problem comes from overprediction of the semidiurnal amplitude. The overprediction is obvious in corresponding amplitude maps (see Fig. S4 in the supplemental material). In addition to the models discussed above, Table 2 includes the CMIP3 analogs of CNRM-CM5 and INMCM4: CNRM-CM3 and INMCM3 respectively. CNRM-CM3 had the highest top of the CMIP3 models examined by CDML, but the topmost full level in CNRM-CM5 is lowered to the 10-hPa pressure level, the same as INMCM's (Table 1) . Table 2 does not suggest any substantial difference in the quality of tide simulations between the two versions of CNRM-CM.
Since both INMCM3 and INMCM4 have identically placed vertical levels, comparing the two shows the advantages of using actual surface pressure in CMIP5 tide studies. The INMCM4 diurnal harmonic amplitude map (Fig. 1 ) differs noticeably from INMCM3 (CDML, their Fig. 2 ) by exhibiting less excessively large amplitudes; the maximum value (.360 Pa) has been reduced to a more reasonable 249 Pa (versus an observed maximum value of 141 hPa). For the semidiurnal harmonic (Fig. 2) INMCM4 reduces some excessive amplitude values that appeared over tropical land areas, bringing the maximum value into better agreement with observation (cf. CDML, their Fig. 3 ). All of these improvements are likely due to the use of actual surface pressure in the CMIP5 database. The use of sea level pressure inflated INMCM3's amplitude at low latitudes, making up for an underestimate of amplitude at higher latitudes (see Figs. 2-3 in CDML). Thus INMCM4's ''worse'' values of global-mean R are not meaningful. The other numbers are about the same in the two versions of INMCM except for D, which is substantially lowered in INMCM4's diurnal harmonics. Fig. 1 , but for the semidiurnal harmonics; note different color scale.
FIG. 2. As in
In short, although the models CNRM-CM5, INMCM4, CCSM4, and WACCM4 span the range of altitude coverage in CMIP5, with topmost full levels between 31 and 144 km, they exhibit relatively small differences in the accuracy of their tide amplitude simulations. These results are consistent with CDML and lend support to the hypothesis of ''compensating errors.'' b. Wavenumbers, migrating components, and tide phase Figure 3 (analogous to CDML's Fig. 8a) shows, for January, the equatorial Fourier longitude-transformed amplitudes of all 17 CMIP5 models and observations as a function of zonal wavenumber s. This allows isolation of the ''migrating'' components of the tides that follow the apparent motion of the sun across the sky (i.e., s 5 1 for the diurnal harmonic and s 5 2 for the semidiurnal harmonic). The migrating components dominate both harmonics in models and observations, but all of the models overestimate migrating amplitudes (by up to a factor of 2). These results were also noted by CDML for the CMIP3 models. Also apparent both in Fig. 3 and in the analogous CMIP3 output are secondary peak diurnal amplitudes at s 5 23 and 15, representing eastward-and westward-propagating waves, respectively, with respect to the diurnal migrating component. The combination of secondary waves is mathematically equivalent to the product of a migrating diurnal tide and a stationary wave with s 5 4 (i.e., 1 6 4 5 23 or 15; cf. Forbes and Hagan 2000) . These secondary waves are observed in the upper atmosphere, arising from s 5 4 forcing by topography and land-sea heating contrasts (Zhang et al. 2006) . As with the migrating tides, their surface pressure signatures are overestimated by the models. Figure 4 shows, for January, the zonal vector-mean values of the local time of maximum surface pressure for all 17 CMIP5 models and observations as a function of latitude. July results (not shown) are similar. This is one measure of the phase of the tides. CDML showed a somewhat different measure: the phase of the migrating component obtained by Fourier analysis (see preceding subsection and CDML's Fig. 4) . While isolating the migrating component makes a connection to classical 
linear tide theory (Chapman and Lindzen 1970) , it does not allow direct comparison with observations (Dai and Wang 1999) since the latter includes phase information only for the combination of all zonal wavenumbers. Phase diagrams for the migrating components of CMIP5 tides (not shown here) strongly resemble their CMIP3 analogs and deliver the same basic message as Fig. 4 . FIG. 3 . Fourier amplitude at the equator vs zonal wavenumber for (top) diurnal and (bottom) semidiurnal harmonics of all CMIP5-IPCC AR5 climate models in this study (thin colored lines) and observations for January (thick black line). Closeups show details of peaks in the vicinity of migrating Fourier-component wavenumbers (red vertical lines).
The message (as in CDML) is that in the tropics, where tidal amplitude is strongest, model-simulated times of maximum are roughly 0600 LST for the diurnal harmonic and 1000 and 2200 LST for the semidiurnal harmonic. This agrees approximately with observations, but Fig. 4 shows the simulated times of maximum are generally earlier than observed. The discrepancy is up to about 1 h in the semidiurnal harmonic and about 2 h in the diurnal harmonic, depending on the model. As with tidal amplitude, there is no obvious correlation between the accuracy of model-simulated phase and the model's vertical domain. For example, the six models producing the most accurate semidiurnal phase near the equator are INMCM4, CNRM-CM5, CCSM4, Norwegian Earth System Model, version 1(NorESM1), Hadley Centre Global Environmental Model, version 2, Atmosphere configuration (HadGEM2-A), and Canadian Centre for Climate Modelling and Analysis (CCCma) fourth-generation atmospheric general circulation model (CanAM4). These models have topmost full levels at 31-48 km, in the lower range of the models studied here. The tidal phase may be related to the timing of the heating (which is unrelated to the model top), which is consistent with the suggestion of Lindzen (1978) that earlier-thanobserved semidiurnal maxima could be corrected by better accounting of tropospheric latent heat release.
Conclusions
The approximate consistency of CMIP3 and CMIP5 tide simulations with each other and with observations occurs despite the fact that the lowest-top model (INMCM) extends only into the middle stratosphere, whereas the highest-top model (WACCM) extends well into the thermosphere. Some of the low-top models have part of one layer above the ''model top'' defined here, which could potentially include additional ozone heating. As noted in the introduction, however, it has been shown that lower-top models can produce compensating errors, with wave reflection from the model top making up for missing ozone forcing at higher altitudes (Lindzen et al. 1968 ; see also Zwiers and Hamilton 1986; Hamilton et al. 2008 ). It is not well documented how gravity waves interact with the tops of various models (which generally include parameterizations to minimize artificial reflection), but the CMIP5 database now provides an ''apples to apples'' comparison with observations in terms of actual surface pressure that further supports the compensating errors hypothesis for the semidiurnal harmonic. Confirmation of the hypothesis, however, will require direct examination of wave propagation in and above the ozone layer (e.g., classical linear calculations with vertical discretization matching the various CMIP models). Analyses of the ozone heating profiles and wave reflection in the CMIP models may also help settle this issue.
Other future work could focus on near-surface processes or go beyond the surface signature of the tides and examine free-atmosphere fields. For the diurnal harmonic of surface pressure, both classical tide theory and comparison of the two CMIP5 models with identical troposphere formulations (Fig. 1) indicate forcing by lower-atmospheric processes, including sensible heating from the ground as noticed by Dai and Wang (1999) . Near-surface temperature, humidity, winds, and other model output fields provided at 3-hourly frequency in the CMIP5 database would provide additional insight about such processes [as in Dai and Trenberth (2004) for one model], as well as information relevant to practical human and ecological concerns. In addition, CMIP5 provides temperature, winds, and humidity on all model levels at 6-hourly frequency. This should suffice for study of the (dominant) diurnal tide harmonic in and above the stratosphere. In a broader sense, the extension of CMIP5 models to include the middle atmosphere (Table 1) offers a new domain of climate model intercomparison.
